We investigate the velocity structure of protostellar cores that result from non-magnetic numerical models of the turbulent fragmentation of molecular cloud material. The cores exhibit sub-and transonic velocity dispersions and, in self-gravitating cases, approximate equipartition between the kinetic and gravitational energies. They thus closely resemble the observed population of so-called quiescent lowmass cores. The fact that dynamically evolving cores in highly supersonic turbulent flows can have small and nearly constant velocity dispersion structure is a direct consequence of a turbulent energy spectrum with decreasing power with decreasing scale length. The observed properties of quiescent low-mass protostellar cores in Galactic molecular clouds thus do not necessarily require the presence of strong magnetic fields and quasistatic evolution through ambipolar diffusion processes, as quiescent cores are also a natural result of the turbulent molecular cloud fragmentation process that forms the basis of the new star formation scenario based on the interplay between self-gravity and supersonic turbulence.
Understanding the processes that lead to the formation of stars is one of the fundamental challenges in theoretical astrophysics. It is well known that stars form in dense cores as part of interstellar gas clouds, but the physical processes that control the formation of low-mass stars within these cores are not well understood yet.
The traditional scenario assumes that low-mass protostellar cores are in quasi-static equilibrium supported against gravitational collapse by a combination of magnetic and thermal pressures (see, e.g., Shu, Adams & Lizano 1987 = SAL) . In this scenario, a core forms stars once magnetic support is lost in a process called ambipolar diffusion. Neutral gas particles slowly drift through the ions which are held up by the magnetic field, allowing the core to eventually attain critical mass-to-flux ratio. Then the gravitational energy exceeds the magnetic energy and collapse sets in from the inside-out.
The more recent turbulent scenario, on the other hand, suggests that cores are formed by compressible motions in the turbulent velocity field of the cloud (Hunter & Fleck 1982; Elmegreen 1993; Padoan 1995; BallesterosParedes, Vázquez-Semadeni & Scalo 1999; Padoan et al. 2001a; Mac Low & Klessen 2003) . Those cores with an excess of gravitational energy collapse rapidly to form stars, while the others with sufficiently large internal or kinetic energies re-expand once the turbulent compression subsides (Vázquez-Semadeni, Shadmehri & BallesterosParedes 2003) .
Observational evidence suggests that low-mass stars form from molecular cloud cores whose column density profiles generically resemble Bonnor-Ebert 1 equilibrium spheres (Alves, Lada, & Lada 2001 , see also the review by André, Ward-Thompson, & Barsony 2000) , and whose velocity dispersions are small (i.e. transonic, or even subsonic) (Myers 1983; Goodman, et al. 1998; Jijina, Myers, & Adams 1999; Caselli, et al. 2002) . For this reason such cores are usually termed "quiescent" or "coherent". In the standard theory of star formation (SAL) these structures are naturally explained as consequences of the quasistatic contraction process. In the turbulent scenario, however, protostellar cores are transient features generated by the dynamical flow in the cloud, and it is necessary to show that these fluctuations exhibit properties similar to that of the observed cores.
Several groups have recently undertaken this task (e.g., In particular, in Paper I we demonstrated that indeed transient, dynamic cores have an angle-averaged column density structure that often resembles hydrostatic Bonnor-Ebert profiles. For this purpose, we took cores in the numerical simulations of Klessen, Burkert & Bate (1998) , Klessen & Burkert (2000) , Klessen & Burkert (2001) , and Klessen, Heitsch & Mac Low (2000) , and applied a fitting procedure similar to that used by Alves et al. (2001) .
Here we focus on the velocity structure of the cores presented in Paper I, and compare with the data available for observed quiescent, low-mass cores. In §2 we summarize the main characteristics of the numerical models used, and explain how we analyze the density and velocity struc-ture. In §3.1 we show that the density fluctuations which we identify as protostellar cores may have very small velocity dispersion, even though they are produced by highly turbulent supersonic flows. In §3.2 we furthermore show that for these cores the kinetic and gravitational energies are roughly in equipartition. Finally in §4 we discuss and interpret our results in terms of the turbulent fragmentation model of star formation, in which quiescent cores are a natural outcome of a turbulent cascade in the interstellar medium, and there is thus no need to invoke strong magnetic fields to explain the observational core properties.
2. numerical simulations An important prerequisite for adequately describing the density and velocity structure of cores in numerical models of turbulent molecular cloud evolution is the ability to resolve high density contrasts at arbitrary locations within the cloud. Smoothed particle hydrodynamics (SPH; see Benz 1990 , Monaghan 1992 ) is probably the best method currently available for this purpose.
The properties of our numerical scheme and resolution issues in the context of turbulent fragmentation have been extensively discussed in Paper I (see also , or Klessen 2001 ). Here we just mention that in the current investigation we use the same set of numerical models with the same physical scaling as in Paper I. A typical protostellar core in the simulation thus yields column density maps of 0.18 pc × 0.18 pc, similar to those of the observed quiescent cores. To identify our model cores we use the 3-dimensional clump-finding algorithm introduced in Appendix A of Klessen & Burkert (2000) . Altogether, we analyze two models, one labeled LSD, in which turbulence is driven on large scales, of wavelength λ ≈ 1/2 of the computational box, and the other labeled SSD, in which energy is injected on small scales, of λ ≈ 1/8 of the box. Note that in Paper I we also studied cores from a collapsing Gaussian density field (GC) without turbulence. Since we focus on the turbulent velocity structure, it is not included here. We consider two different evolutionary stages. First, a stage (= t 0 ) of fully developed supersonic turbulence without self-gravity, and second, one snapshot after self-gravity has been switched-on and gravitational contraction has led to the formation of collapsed cores accumulating roughly 5% of the total mass (= t 1 ). For the current analysis we select a sample of 21 cores with the highest density contrast but without a collapsed "protostar" in the center.
To allow for direct comparison with observational data, we compute the column density and the velocity dispersion of each core in a way similar to optically thin spectroscopic measurements of ammonia lines. For that purpose, we calculate the column density in each direction (x, y, and z) by assuming that the NH 3 emission comes only from regions with volume densities larger than a threshold value ρ t = 2 × 10 4 cm −3 (Swade 1989; Caselli, et al. 2002) . The velocity dispersion, thus, is computed as the standard deviation of the velocity along the direction of projection, taking into account only regions with densities above ρ t .
results

Quiescent cores from turbulent fragmentation
In Fig. 1 we show the column density and velocity dispersion maps for core 13 in run SSD (compare to Fig. 6b in Paper I). Due to space constraints, we only image one of the cores in our sample. The interested reader will find the column density and velocity dispersion maps of all 84 cores in our analysis on the web at http://www.astrosmo.unam.mx/∼j.ballesteros/disguise/. The upper panels show the velocity dispersion in units of the sound speed (see upper grayscale bar), and lower panels show the column densities in logarithmic units (see lower grayscale bar). The column density contours at levels 0.2, 0.36, 0.52, 0.68, 0.84 of the maximum column density are superposed onto each image. The white regions in that plot are regions that do not contribute to the column density because the volumetric density is smaller than ρ t .
From the full set of analyzed cores, we note three points. First, as also noted in Paper I, the inferred properties of cores may vary considerably between different projection. The inferred velocity dispersion may differ by as much as a factor of 2 to 3. Second, even though they are dynamically evolving, the cores may exhibit a very spatially-constant velocity dispersion, with a modest increase only towards the edges of the core. Observationally, this property defines the so-called "coherent cores" Goodman, et al. 1998; Caselli, et al. 2002) , but it is not realized in all observed cores (Caselli, et al. 2002) . This is also seen in our sample of model cores (see, e.g., core 4 in model LSD at t 0 in the web page, for an example of a complicated velocity-dispersion structure, or clump 5 in LSD at t 1 , or clump 10, in model SSD at t 1 , for examples of a decreasing velocity-dispersion towards the edge of the core). Finally, and most importantly, we note that even turbulent flows with rms Mach numbers as high as 10 can produce dense cores with very small internal velocity dispersion. In fact, this is a natural consequence of (typical) turbulent energy and density spectra that decrease with wavenumber, as these variables are progressively more auto-correlated towards small scales. When measuring velocities, this leads to the well-know line width-size relation in Galactic molecular clouds (Larson 1981) .
For a flow characterized by such spectra and correlation functions, and for which the large-scale motions are supersonic, there is always a scale at which the flow turns from supersonic to subsonic (Padoan 1995; Vázquez-Semadeni, Ballesteros-Paredes, & Klessen 2003) . In actual molecular clouds, this happens at scales of roughly 0.1 pc (e.g., Larson 1981; Myers 1983) , i.e., of the "coherent" cores. However, this by no means implies that these cores are quasistatic or long-lived; on the contrary, the continuous interplay of their internal pressure sources (thermal, ram and possibly magnetic) with the fluctuating surrounding motions will lead to their deformation or even destruction (Ballesteros-Paredes et al. 1999b; Vázquez-Semadeni, Shadmehri & Ballesteros-Paredes 2003) . It is furthermore important to note that the linewidth-size relation has a large scatter such that at the sonic scales supersonic cores can also be found (see, e.g., Fig. 1 in Vázquez-Semadeni et al.2003a) .
To estimate the fraction of cores with subsonic velocities, Fig. 2 shows a histogram of the mean velocity dis-persion inside the lowest contour (defined as 1/5 th the maximum column density). The thin line represents all the cores in the turbulent cases (models SSD and LSD together) at t 0 and t 1 , while the thick line represents cores only at t 1 , i.e., when gravity has accreted 5% of the mass into cores. The difference between the areas under these two histograms is the number of cores at t 0 .
We find that about one third (29%) of all cores (thin line) exhibit velocity dispersions smaller or equal to the sound speed c s , and that all of them exhibit mean velocity dispersions smaller than 4c s . These numbers are valid for the 0.2 isocontour. If we instead choose the half maximum isocontour, as in observational works, the velocity dispersion of the cores is even smaller, and the fraction of transonic cores will become even larger, i.e., our method is thus a worst-case scenario, and stresses our main point: transient cores can exhibit very small velocity dispersions even when being part of a turbulent supersonic flow.
We also find that at late times t 1 > t 0 some cores have already developed larger velocity dispersions. When selfgravity dominates the dynamical evolution of a core, it begins to collapse and build up large velocity gradients. We therefore expect the number of cores with subsonic velocity dispersions to decrease with time. This is seen when comparing the two distributions at t 1 and t 0 .
Note that our estimate of the velocity dispersion cannot distinguish between systematic infall motion and random, turbulent motions, and so any infall motion is included into the velocity dispersion estimate. This confusion is also present in thin-line velocity dispersion observational studies of actual cores.
Note also that we do not find substantial differences in the velocity-dispersion properties between large-scale and small-scale turbulence. All 21 clumps in each of the LSD and SSD cases (and in each of the three projections, i.e. 63 data sets for each run) exhibit very similar behavior.
Energy equipartition in quiescent cores
Observed protostellar cores are often thought to be in 'virial equilibrium' (e.g., Myers 1983; Myers & Goodman 1988a,b . This is inferred from the fact that the line-ofsight velocity dispersion ∆v los is often observed to be of order of the 'virial equilibrium' value ∆v vir ≡ (GM/5R) 1/2 for a uniform density sphere of radius R and mass M where kinetic and gravitational energies are in balance. To check the behavior of our model cores we plot ∆v vir versus ∆v los in Fig. 3 . We obtain ∆v los as the mean line-of-sight velocity dispersion within the lowest contour line. The plot indicates that the cores at t 0 (large symbols), when gravity has not been turned on yet, have velocity dispersions that are essentially of the order of, but uncorrelated with ∆v vir , while at t 1 a much clearer correlation arises. This suggests that the observed closeness to equipartition arises as a consequence of the self-gravity, and not as an inherent property of the turbulence alone. Moreover, as mentioned above, the estimate of the kinetic energy in optically thin lines may be due to organized collapse motions, both in our simulated cores and in real ones.
Note however that true virial equilibrium requires the second derivative of the moment of inertia to vanish. Our cores are not static, but instead constantly evolving, and thus they are not anywhere near virial equilibrium. In fact, reaching such state in a turbulent molecular cloud environment is extremely difficult, and requires strongly idealized conditions that are not met in the interstellar gas. The condition ∆v los ≈ ∆v virial does not imply virial equilibrium as is often assumed, but only describes equipartition between kinetic and gravitational energies, as occurs precisely during gravitational collapse. Full knowledge about the dynamical state of the system requires the measurement of the time derivatives and the surface terms in the virial theorem (Ballesteros-Paredes 2003). These are not accessible by observations, and the standard condition for 'virial equilibrium', ∆v los ≈ ∆v virial , should be more properly called condition of 'energy equipartion'.
4. discussion Quiescent cores are a key ingredient of the standard theory of magnetically-mediated star formation (SAL). In this theory, low-mass stars form from magnetically subcritical cores that are quasistatically evolving on ambipolar diffusion timescales τ AD (which are a factor of 10 slower than dynamical timescales τ ff ) until a critical mass-to-flux ratio is reached. Then dynamical collapse sets in from the inside out.
While other works have already discussed the turbulent origin of protostellar cores (Ballesteros-Paredes et al.1999a; Padoan et al. 2001a) , we have demonstrated in Paper I and in §3 that quiescent cores are also a natural outcome from numerical simulations of self-gravitating, hydrodynamic molecular cloud turbulence. In an emerging theory of star formation based on interstellar turbulence (Padoan 1995; Ballesteros-Paredes, Hartmann & Vázquez-Semadeni 1999; Padoan & Nordlund 2002; Vázquez-Semadeni et al. 2003a,b; Mac Low & Klessen 2003) , (low-mass) star formation is regulated by the fraction of these cores that manage to collapse instead of rebounding after the turbulent compressions that form them subside, rather than by the extension of the core lifetimes provided by ambipolar diffusion. To distinguish between both theories we therefore need to resort to further observational and theoretical findings.
Detailed numerical simulations (e.g. Desch & Mouschovias 2001) demonstrate that ambipolar diffusion results in dynamical evolution earlier and over larger volumes than anticipated by SAL. Thus, even cores initially supported by magnetic fields are not quasistatic objects, but instead evolve on timescales t < τ AD. Furthermore, there is increasing observational evidence (Crutcher 1999; Bourke et al. 2001 ) that most molecular cloud cores are magnetically supercritical or at most marginally stable. This is also backed up by theoretical arguments (Nakano 1998; Hartmann et al. 2001 ; as summarized by Mac Low & Klessen 2003) , as well as by comparison between numerical simulations and observations (Mac Low & Ossenkopf 2000; Ballesteros-Paredes & Mac Low 2002; Ossenkopf & Mac Low 2002; Padoan & Nordlund 1999) . Similarly, the long lifetimes that quasi-static cores would have are difficult to reconcile with observational statistics of cloud cores (Taylor et al. 1996; Lee & Myers 1999; Andre, et al. 2000; Visser, Richer & Chandler 2002) , and with the suggestion of short molecular cloud formation time scales (∼ a few Myr), based on the observed lack of post-T-Tauri stars in Taurus (Herbig, 1978; Ballesteros-Paredes, et al. 1999b; Hartmann 2003) . All these results point towards a more dynamic picture of core evolution as in the emerging theory of turbulent star formation.
The quiescent, coherent cores in our numerical calculations reproduce the basic observational facts without the need for magnetic fields and ambipolar diffusion processes. Moreover, they are dynamical entities within the global turbulent flow, having the following physical properties: First, these cores are dynamically evolving because they are part of the turbulent flow which formed them initially and which continuously reshapes their structure or even may disperse them again. Velocity "coherence" arises in them even in the non-self-gravitating case, in which the cores' final fate is necessarily to re-expand and merge with the ambient flow. In the self-gravitating case, rough equipartition between kinetic and gravitational energy furthermore arises, and the cores can either collapse, or re-expand.
Second, the cores' "coherent"-velocity-dispersion structure is a natural consequence of their roughly being stagnation points, i.e., compressed sites caught at the compression maximum, thus having maximum densities and minimum velocities, and relatively long lifetimes. Additionally, the appearance of a "coherent" velocity dispersion may be enhanced by an observational effect: The path length through the core has an extremum when the line of sight crosses the core center. Therefore, it is stationary with respect to small offsets from the position of the core center. For narrow beams, the line width is dominated by the path length rather than by the angular size of the beam, and so a roughly constant path length implies a roughly constant line width in the vicinity of the core center.
Finally, their roughly transonic velocity dispersion is a natural consequence of their being part of a compressible turbulent cascade characterized by an energy spectrum (or equivalently, a velocity autocorrelation function) for which velocity differences decrease with decreasing spatial scale. Low-mass star forming cores can naturally be accommodated in the turbulent star formation scenario as the dense structures with sizes comparable to the sonic scale in the turbulent cascade (Vázquez-Semadeni et al. 2003a) . Note that this implies that the star-forming cores simultaneously constitute the lower end of the compressible range of the cascade, and the upper end of the incompressible range. In other words, turbulence need not be particularly dissipated in these cores; it is only becoming subsonic. Altogether, in the turbulent scenario, low-mass coherent cores which form single stars or binary systems are the natural outcome of larger-scale interstellar turbulence. They differ from high-mass turbulent cores by the fact that the latter have sizes typically above the sonic scale, have larger masses, and the linewidth-size relation thus implies supersonic velocities 2 . We conclude by stressing that the observed properties of quiescent low-mass protostellar cores in Galactic molecular clouds, thus, do not necessarily imply the presence of strong magnetic fields nor quasistatic evolution through ambipolar diffusion processes, because quiescent cores are also a natural result of the turbulent molecular cloud fragmentation process underlying the emerging theory of star formation based on the interplay between self-gravity and supersonic turbulence.
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